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Abstract
The effect of quasi-resonance energy transfer in collisions between H2 and H2O molecules in H2O
maser sources is investigated. New data on the state-to-state rate coefficients for collisional transitions
for H2O and H2 molecules are used in the calculations. The results of ortho-H2O level population
inversion calculations for the 22.2-, 380-, 439-, and 621-GHz transitions are presented. The ortho-
H2O level population inversion is shown to depend significantly on the population distribution of the
para-H2 J = 0 and 2 rotational levels. The possibility of quasi-resonance energy transfer in collisions
between H2 molecules at highly excited rotational-vibrational levels and H2O molecules is considered.
The quasi-resonance energy transfer effect can play a significant role in pumping H2O masers in the
central regions of active galactic nuclei and in star-forming regions.
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Introduction
H2O maser emission is observed in many astrophysical objects: in the expanding envelopes of late-
type stars, star-forming regions, and the central regions of active galactic nuclei (AGNs). The isotropic
luminosities in the 22.2-GHz line for sources observed in our Galaxy lie between . 10−7 and 10−2L,
reaching 1L in rare cases (W49N) (Palagi et al. 1993; Liljestro¨m et al. 1989). The brightest Galactic
H2O masers are observed in star-forming regions. H2O maser emission in star-forming regions is generated
in circumstellar disks and the shocks produced by bipolar outflows and stellar winds from young stars
(Torrelles et al. 2005).
The first 22.2-GHz H2O maser sources discovered in other galaxies had isotropic luminosities of 0.1–1
L (Churchwell et al. 1977). In 1979, however, dos Santos and Le´pine (1979) detected intense H2O maser
emission from the central region of the galaxy NGC 4945. The isotropic luminosity of the maser was
∼ 100 L, which is higher than the typical luminosities of H2O maser sources in our Galaxy by several
orders of magnitude. About 150 galaxies with intense H2O maser emission observed from their central
regions are known at present (Tarchi 2012). The isotropic luminosities of the sources in specific cases
exceed 104L (Castangia et al. 2011). All these galaxies have evidence of activity in the galactic nuclei.
H2O maser emission in the central regions of AGNs is generated in accretion disks around supermassive
black holes (Moran 2008). In specific cases, H2O maser emission can be observed along the radio jet
(Peck et al. 2003) and can be associated with the outflows of dense molecular gas from the central
engine (Greenhill et al. 2003). H2O maser emission is a unique tool for investigating the structure and
kinematics of the gas in the neighbourhoods of the central engines in AGNs.
As a rule, the collisional excitation of H2O molecules to higher lying levels followed by the radia-
tive de-excitation of these levels is considered as the main H2O-maser pumping mechanism (Strelnitskii
1973; Yates et al. 1997). Varshalovich et al. (1983) proposed an H2O-maser pumping mechanism in
which the H2O levels are excited through quasi-resonance energy transfer in collisions between H2 and
H2O molecules. The absorption of ultraviolet radiation, the collisions of molecules with high-energy
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photoelectrons, and formation reactions lead to the population of highly excited rotational-vibrational
molecular levels. The listed processes can take place in photo- and X-ray dissociation regions as well as
in dissociative shocks. The de-excitation of excited molecular levels can occur both through the emission
of electromagnetic radiation and through collisional processes. The quasi-resonance excitation energy
transfer in collisions between molecules is possible.
In this paper, we investigate the effect of quasi-resonance energy transfer in collisions between H2 and
H2O molecules on the H2O level population inversion. The collisional rate coefficients from Dubernet
et al. (2009) and Daniel et al. (2010, 2011) were used. In our calculations, we took into account the
state-to-state collisional transitions for the lower 45 ortho-H2O rotational levels and the para-H2 J = 0
and 2 levels. The simple model of a gas-dust cloud with constant physical parameters was considered. In
our calculations of level populations, we used the accelerated Λ-iteration method (Rybicki and Hummer
1991).
Quasi-resonance Energy Transfer in Collisions between H2O and H2
Molecules
The main quasi-resonance conditions in collisions between molecules are: the Massey criterion, the conser-
vation of the particle total rotational angular momentum, the conservation of the product of the parities
of the particle wave functions, and the nuclear spin conservation for each of the molecule (Varshalovich
et al. 1983).
According to the Massey criterion, the increment in the sum of the excitation energies of the molecules
before and after their collision must satisfy the inequality |∆ε| . ~v/ρ, where |∆ε| is the excitation
energy defect, v is the relative velocity of the particles, and ρ is their characteristic interaction radius.
For collisions between H2O and H2, this condition can be rewritten as
|∆ε| . ~vT
ρ
' 4× 10−16√Tg erg, (1)
where vT is the mean relative velocity of the molecules, Tg is the kinetic temperature of the gas in kelvins;
in our estimation, the H2O-H2 interaction radius ρ was assumed to be 2.5A˚ (Valiron et al. 2008). The
excitation energy defect is
∆ε = εH2O + εH2 − ε′H2O − ε′H2 ,
where ε and ε′ are the level energies of the molecules before and after their collision, respectively.
The conditions for the conservation of the total angular momentum of the molecules and the conser-
vation of the product of the parities can be written as (Varshalovich et al. 1983)
JH2 + JH2O = J
′
H2 + J
′
H2O, piH2piH2O = pi
′
H2pi
′
H2O, (2)
where J and J′ are the rotational angular momentum vectors of the molecule before and after the collision,
pi and pi′ are the parities of the molecule’s wave function with respect to spatial coordinate inversion before
and after the collision, respectively (the change of orbital angular momentum of the relative motion of
the molecules in this case is 0). The parity of the wave functions is piH2 = (−1)J for the H2 molecule
and piH2O = (−1)J+Ka+Kc for the H2O molecule, where Ka and Kc are the quantum numbers that
characterize the projections of the rotational angular momentum vector onto the molecule’s internal axes
(Tennyson et al. 2001). The nuclear spin conservation for the molecules means that the transitions
changing the ortho/para states of the molecules are forbidden:
IH2O = I
′
H2O, IH2 = I
′
H2 , (3)
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Figure 1: Ratios of the collisional rate coefficients for the H2O and H2 transitions for which quasi-resonance energy
transfer takes place and their mean values for the transitions without any quasi-resonance. The excitation energy
defect is along the horizontal axis. The data are presented for four temperatures (300, 400, 800, and 1500 K).
where I and I ′ are the nuclear spins of the molecules before and after their collision, I = 0 and 1
correspond to the para- and ortho-states, respectively.
Dubernet et al. (2009) provide the rate coefficients for transitions in collisions between ortho-H2O and
para-H2 molecules for the lower 45 H2O rotational levels and for H2 in the J = 0 state with the change in
rotational angular momentum ∆J = 0,+2 as well as for H2 in the J = 2 state with ∆J = 0,−2. Consider
the collisional H2O transitions from level i to level k and the H2 transitions from the J = 2 level to the
J = 0 level, for which the quasi-resonance conditions (1)-(3) are met. We will denote the corresponding
collisional rate coefficients by CJ=2→0ik , with i < k. Figure 1 presents the ratios of the collisional rate
coefficients for quasi-resonance H2O excitation and their mean values for the transitions without any
quasi-resonance, i.e., CJ=2→0ik /〈C lmik 〉. The averaging in 〈C lmik 〉 is performed over the following l → m
transitions in H2: J = 0 → 0, 0 → 2, 2 → 2. The mean ratios of the rate coefficients are approximately
27, 13, 3, and 2 for gas temperatures of 300, 400, 800, and 1500 K, respectively.
Model Parameters
The observed sizes of H2O maser sources in star-forming regions are ∼ 1012 − 1013 cm (Matveyenko et
al. 2000; Uscanga et al. 2005; Matveyenko and Demichev 2010). To all appearances, the sizes of maser
sources in accretion disks in the central regions of AGNs are ∼ 1014 cm (Kartje et al. 1999). The gas
densities in H2O maser sources can lie within the range 10
7 − 1010 cm−3. At higher densities, there is
thermalization of the level populations due to collisional processes. To all appearances, lower gas densities
are also unlikely, because a high relative H2O abundance is needed in this case. High H2O column densities
along the line of sight, 1018 − 1019 cm−2, are needed for the generation of intense H2O maser emission
— 3 —
(Yates et al. 1997). The gas temperature in maser sources is 300-1500 K. At higher temperatures, there
is dissociation of H2O molecules (Nesterenok and Varshalovich 2011). The collisional maser pumping is
most efficient when the dust temperature is much lower than the gas temperature (Bolgova et al. 1977;
Yates et al. 1997; Babkovskaia and Poutanen 2004).
Here, we consider a one-dimensional plane parallel gas-dust cloud structure. The cloud sizes along
two coordinate axes are much larger than that along the third z coordinate axis. As a rule, the model of
a flat cloud is considered for modeling the H2O maser emission in the envelopes of late-type stars and in
star-forming regions (Nesterenok et al. 2013; Hollenbach et al. 2013).
The physical parameters adopted in our calculations are given in the table.
Table
Cloud half-thickness H = 1013 cm
Total number density of hydrogen atoms 107 cm−3 ≤ NH, tot ≤ 1010 cm−3
Ratio of H2 and H number densities NH2/NH = 1
Relative He abundance NHe/NH, tot = 0.1
Number density of ortho-H2O molecules NH2O = 5× 104 cm−3
Ortho-H2O column density (perpendicular to cloud plane) NH2O = 2HNH2O = 10
18 cm−2
Gas temperature 300 K ≤ Tg ≤ 1500 K
Dust temperature Td = 100 K
Turbulent velocity vturb = 1 km s
−1
The total number density of hydrogen atoms is NH, tot = NH + 2NH2
Calculating the H2O Level Populations in a Gas-Dust Cloud
Radiative Transfer in Molecular Lines
We consider a gas-dust cloud that consists of a mixture of H2 and H2O molecules, H and He atoms, and
dust particles. The physical parameters (the number densities of atoms and molecules, the dust content,
the gas and dust temperatures) are assumed to be independent of the coordinates. However, the H2O
level populations are considered as functions of the z coordinate.
In the one-dimensional geometry, the intensity of radiation I at frequency ν depends on depth z and
angle θ between the z axis and the radiation direction. The quantity µ = cosθ is used instead of the
variable angle θ. The radiative transfer equation can be written as
µ
dI(z, µ, ν)
dz
= −κ(z, ν)I(z, µ, ν) + ε(z, ν), (4)
where I(z, µ, ν) is the intensity of radiation at frequency ν in direction µ, ε(z, ν) is the emission coefficient,
and κ(z, ν) is the absorption coefficient. The point z = 0 corresponds to the cloud boundary and the z
axis is directed into the cloud. The boundary condition for Eq. (4) at z = 0 is I(0, µ, ν) = 0, where µ > 0
(the directions into the cloud). At z = H, the boundary condition is taken to be dI(z = H,µ, ν)/dz = 0,
corresponding to a cloud symmetric in physical parameters relative to z = H. Thus, the total cloud
thickness is 2H.
Each of the coefficients ε(z, ν) and κ(z, ν) is the sum of the emission or absorption coefficient in
continuum and the emission or absorption coefficient in a spectral line, respectively:
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ε(z, ν) = εc(ν) +
hν
4pi
AikNni(z)φik(ν),
κ(z, ν) = κc(ν) +
λ2
8pi
AikN
(
gi
gk
nk(z)− ni(z)
)
φik(ν).
Here, εc(ν) and κc(ν) are the dust emission and absorption coefficients in continuum, respectively; Aik
is the Einstein coefficient for spontaneous emission; ni(z) and nk(z) are the normalized populations of
levels i and k,
∑
j nj(z) = 1; N is the particle number density; gi and gk are the statistical weights of the
levels; λ is the radiation wavelength; and φik(ν) is the normalized spectral line profile. In these formulas,
it is implied that level i lies above level k in energy, i.e., εi > εk. The spectral profile of the emission and
absorption coefficients φik(ν) is
φik(ν) =
1√
pi∆νik
exp
(
−
(
ν − νik
∆νik
)2)
,
where νik is the transition frequency and ∆νik is the line profile width. The line profile width is determined
by the spread in thermal velocities of the molecules and turbulent velocities in the gas-dust cloud:
∆νik = νik
vD
c
, v2D = v
2
T + v
2
turb,
where vT =
√
2kTg/m is the most probable thermal velocity of the molecules, k is the Boltzmann
constant, Tg is the gas kinetic temperature, m is the mass of the molecule, and vturb is the characteristic
turbulent velocity in the cloud.
The System of Statistical Equilibrium Equations for the Level Populations
In the stationary case, the system of equations for the level populations is
M∑
k=1, k 6=i
(Rki(z) + Cki)nk(z)− ni(z)
M∑
k=1, k 6=i
(Rik(z) + Cik) = 0, i = 1, ...,M − 1,
M∑
i=1
ni(z) = 1,
(5)
where M is the total number of levels, Rik(z) is the rate coefficient for the transition from level i to
level k through radiative processes, and Cik is the rate coefficient for the transition from level i to level
k through collisional processes. The rate coefficients for radiative transitions Rik(z) are
R↓ik(z) = BikJik(z) +Aik, εi > εk,
R↑ik(z) = BikJik(z), εi < εk.
Here,Aik and Bik are the Einstein coefficients for spontaneous and stimulated emission, respectively;
Jik(z) is the radiation intensity averaged over the direction and over the line profile:
Jik(z) =
1
2
∞∫
−∞
dν φik(ν)
1∫
−1
dµ I(z, µ, ν),
where I(z, µ, ν) is the solution of Eq. (4).
The collisional transitions of H2O molecules in collisions with H and He atoms and H2 molecules
are considered in the model. If the level structure of the collisional partners is unimportant or if the
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level populations have the Boltzmann distribution, then the principle of detailed balance holds for the
molecule’s collisional excitation and de-excitation rate coefficients:
Cik =
gk
gi
Cki exp
(
εi − εk
kTg
)
,
where the first index in the collisional rate coefficient denotes the initial level. In the case of a non-
equilibrium level population distribution for the collisional partner, the rate coefficients for the collisional
transitions of the H2O molecule can be written as
Cik =
∑
l
ξl
∑
m
C lmik
where C lmik is the rate coefficient for the transition of the H2O molecule from level i to level k and the
transition of the incident particle from level l to level m during the collision, ξl are the normalized level
populations of the incident particle. The state-to-state rate coefficients C lmik obey the principle of detailed
balance:
C lmik =
gk
gi
gm
gl
Cmlki exp
(
εi + εl − εk − εm
kTg
)
.
The sum
∑
m
C lmik is called the effective collisional rate coefficient.
Collisional Rate Coefficients and Spectroscopic Data
In our calculations, we took into account 45 ortho-H2O rotational levels and 9 H2 rotational levels. The
spectroscopic data for H2O were taken from the HITRAN 2012 database (Rothman et al. 2013). The
H2 energy levels were taken from Dabrowski (1984).
We used the collisional rate coefficients for collisions between H2O and H2 molecules from Dubernet et
al. (2009) and Daniel et al. (2010, 2011). In the calculations of these collisional rate coefficients, the in-
teraction potential from Valiron et al. (2008) was used. The tables of rate coefficients are accessible in the
BASECOL database1 (Dubernet et al. 2006, 2013). Estimates of the effective collisional rate coefficients
(summed over the final states of H2) for H2O de-excitation transitions for collisions with H2 molecules
in the states up to J = 8 are presented in the mentioned papers. We estimated the effective collisional
rate coefficients for ortho-H2O excitation (reverse) transitions in collisions with para-H2 molecules based
on data from Dubernet et al. (2009). The ortho-H2 level populations in our calculations corresponded
to the Boltzmann distribution. Therefore, the total rate coefficients for ortho-H2O excitation (reverse)
transitions for collisions with ortho-H2 molecules were calculated from the principle of detailed balance.
The collisional rate coefficients for transitions between H2O levels in inelastic collisions of H2O with
He atoms were taken from Green et al. (1993). The rate coefficients for transitions between H2O levels
in collisions of H2O with H atoms were assumed to be a factor of 1.2 larger than those for collisions of
H2O with He atoms. The numerical coefficient allows for the difference in H and He atom masses and
cross sections.
The Dust Model
In our calculations, we used the dust model from Weingartner and Draine (2001) and Draine (2003) 2.
The dust emissivity was calculated in accordance with Kirchhoff’s radiation law. At dust temperatures
Td . 100 K, the dust radiation has virtually no effect on the H2O level populations (Yates et al. 1997).
Here, we did not consider the thermal balance of dust and gas.
1http://basecol.obspm.fr/
2 http://www.astro.princeton.edu/~draine/dust/dustmix.html
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Numerical Calculations
The radiative transfer equation in the medium (4) and the statistical equilibrium equations for the
molecular level populations (5) are a system of non-linear equations for the level populations of the
H2O molecule. This system of equations was solved by the accelerated Λ-iteration method (Rybicki and
Hummer 1991).
The cloud in our numerical model was broken down into layers parallel to the cloud plane. The
molecular level populations within each layer were constant. The thickness of the near-surface layer was
chosen in such a way that the optical depth for any H2O line and any considered direction in the layer was
less than 1. The thickness of each succeeding layer into the cloud was larger than that of the preceding
one by a constant factor. The number of layers into which the cloud was broken down is 100. The
number of unknown molecular level populations is N ×M , where N is the number of cloud layers and M
is the number of molecular levels. The range of values for the parameter µ is [0; 1]; the discretization step
was chosen in our calculations to be 0.1. The deviation of the radiation frequency from the transition
frequency is characterized by the parameter x = (ν − νik)/∆νik. The range of values for the parameter
x for each line was chosen to be [−5; 5]; the discretization step is 0.25.
An additional acceleration of the iterative series was achieved by applying the convergence optimiza-
tion method proposed by Ng (1974). The convergence criterion for the iterative series was the condition on
the maximum relative increment in level populations for two successive iterations, max
i
|∆ni/ni| < 10−4.
In our calculations, we used the algorithms for solving systems of linear equations published in Rybicki
and Hummer (1991) and in the book by Press et al. (1997). For a description of our calculations, see
also Nesterenok (2013).
The calculations were performed on the supercomputer of the St. Petersburg branch of the Joint
Supercomputer Center, the Russian Academy of Sciences.
Results
Ortho-H2O Level Population Inversion in the 22.2-GHz Line
The population inversion for levels i and j is
∆nij(z) =
ni(z)
gi
− nj(z)
gj
,
where εi > εj . The cloud-averaged population inversion for levels i and j is calculated from the formula
〈∆nij〉 = 1
H
H∫
0
dz∆nij(z).
The excitation temperature T ijexc for two levels, i and j, is determined from the equality
1
T ijexc
=
k
∆εij
ln
(
njgi
nigj
)
,
where ∆εij = εi − εj , with i > j. For the H2 J = 0 and 2 levels, ∆ε20 = 354.35 cm−1. When the level
excitation temperature T ijexc is equal to the gas temperature Tg, the level populations correspond to the
Boltzmann distribution for a given temperature. If the lower-level population nj → 0, then 1/T ijexc → −∞;
for ni/gi = nj/gj , 1/T
ij
exc = 0; when the upper-level population ni → 0, 1/T ijexc → +∞.
Figure 2 presents the results of our calculations of the ortho-H2O 616 and 523 level population inversion
(the 22.2-GHz line) as a function of distance into the cloud. The results of our calculations are presented
for a gas temperature of 400 K. The H2 level populations correspond to the Boltzmann distribution
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Figure 2: Ortho-H2O 616 and 523 level population inversion (the 22.2-GHz line) versus distance into the cloud.
The total number density of hydrogen atoms NH, tot is specified near each curve. The results of our calculations
are presented for the gas temperature Tg = 400 K.
in this case. For distances z/H & 0.2 into the cloud, the population inversion depends weakly on the
coordinates. There is collisional maser pumping, with the sink line photons being absorbed by cold dust.
The H2 J = 0 and 2 level populations were varied in our calculations, with their sum having remained
fixed and equal to the sum of the populations for the Boltzmann distribution. The populations of the
remaining H2 levels corresponded to the Boltzmann distribution. The H2 level populations were assumed
to be independent of the z coordinate. For each distribution of H2 level populations, i.e., for a fixed
excitation temperature T 20exc for the J = 0 and 2 levels, we solved the system of non-linear equations (4)
and (5) for the ortho-H2O level populations. The H2O level populations are functions of the parameter
T 20exc.
Figure 3 presents the results of our calculations of the cloud-averaged ortho-H2O level population
inversion 〈∆nij〉 for the 22.2-GHz transition. The results were normalized to the parameter 〈∆nij〉
for a thermodynamically equilibrium H2 level population distribution (T
20
exc = Tg). For gas densities
NH, tot . 108 cm−3, the 616 and 523 level population inversion increases with increasing H2 J = 2 level
population. Thus, the effect of quasi-resonance energy transfer in collisions between H2O and H2 leads
to more efficient H2O maser pumping. For high gas densities NH, tot & 109 cm−3, this effect has the
opposite sign. The effect of quasi-resonance energy transfer in collisions between H2O and H2 weakens
with increasing gas temperature.
Ortho-H2O Level Population Inversion in the 380-, 439-, and 621-GHz Lines
The 380-, 439-, and 621-GHz lines correspond to the ortho-H2O 414 → 321, 643 → 550, and 532 → 441
transitions, respectively. The maser emission in the 439- and 621-GHz lines was observed in the envelopes
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Figure 3: Relative change in ortho-H2O 616 and 523 level population inversion (the 22.2-GHz line)
〈∆nij〉/〈∆nij(Tg)〉 is along the vertical axis, where 〈∆nij(Tg)〉 is the value of the parameter in the case of a
thermodynamically equilibrium H2 level population distribution. The parameter 1/T
20
exc is along the horizontal
axis, where T 20exc is the excitation temperature of the H2 J = 0 and 2 levels. The total number density of hydrogen
atoms NH, tot is specified on each plot.
of late-type stars and in star-forming regions in our Galaxy (Melnick et al. 1993; Neufeld et al. 2013).
The 439-GHz line was also observed toward the galaxy NGC 3079 (Humphreys et al. 2005).
Figure 4 presents the results of our calculations of the cloud-averaged H2O level population inversion
〈∆nij〉 for the 380-, 439-, and 621-GHz transitions. The results of our calculations are presented for the
gas number densities NH, tot = 10
8 cm−3, and 109 cm−3. For some values of the physical parameters, the
level population inversion exists only at 1/T 20exc below some critical value (i.e., for high H2 J = 2 level
population). Thus, there is quasi-resonance H2O maser pumping.
The H2O level population inversion is proportional to the fraction of H2 molecules at excited levels.
For the gas temperature Tg = 400 K and under the condition 1/T
20
exc → −∞, the H2 J = 2 level population
in our model is 0.2 (in this case, the J = 0 level population is 0). The level population inversion is also
proportional to the number of quasi-resonance H2O transitions involved in the maser pumping. The
number of such transitions in our model is about 10-30 for the maser lines under consideration.
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Figure 4: Ortho-H2O 414 and 321 (the 380-GHz line), 643 and 550 (the 439-GHz line), 532 and 441 (the 621-GHz
line) level population inversion versus parameter 1/T 20exc. The transition frequency and the total number density of
hydrogen atoms NH, tot are specified on each plot.
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Discussion
The turbulent motions of gas in molecular clouds, the expansion of compact HII regions, and the inter-
action of bipolar outflows from protostars and young stars with clouds of molecular gas give rise to shock
waves. The possibility of the generation of intense H2O maser emission in shocks in star-forming regions
was considered in Strelnitskii (1973), Elitzur et al. (1989), Hollenbach et al. (2013), and other papers. In
dissociative shocks, there is collisional dissociation of H2 molecules in a hot gas at the shock front (Flower
2007). As the distance from the shock front increases, the gas temperature decreases and H2 molecules
are formed on dust particles. The gas temperature in this region of the molecular flow is 300-400 K and
the generation of H2O maser emission is possible (Hollenbach et al. 2013). The H2 molecules formed on
dust particles are at excited rotational-vibrational levels and there can be quasi-resonance energy transfer
in collisions between H2 and H2O molecules.
The central engines of AGNs are powerful sources of X-ray emission. Because of the high photon
energy and the small absorption cross section, the X-ray emission exerts a deeply penetrating action
on the physical properties of the interstellar medium (Malony et al. 1996). To all appearances, the
H2O maser emission in the central regions of AGNs is generated in clouds of gas and dust, in which the
physical conditions are governed by the X-ray emission from the central engine, i.e., in X-ray dissociation
regions (Neufeld et al. 1994; Collison and Watson 1995; Malony 2002). In X-ray dissociation regions, the
interaction of high-energy photoelectrons with atoms and molecules of the gas leads to the excitation of
electronic and vibrational states of molecules. In addition, the H2 molecules formed on dust particles are
at highly excited rotational-vibrational levels.
One of the main mechanisms for the excitation of high-energy rotational-vibrational H2 levels is the
formation of molecules on dust particles. For gas number densities NH, tot & 105 cm−3, the de-excitation
of excited H2 levels occurs through collisions with H atoms, provided that NH ∼ NH2 (Hollenbach and
Tielens 1999). Let nx be the fraction of H2 molecules at highly excited rotational-vibrational levels. In
the stationary case, the excitation rate of high-energy molecular levels is equal to the de-excitation rate.
We can then write
RgrNH, totNH = CxnxNH2NH, (6)
where Rgr is the specific formation rate of H2 molecules on dust and Cx is the mean collisional de-
excitation rate of excited H2 levels. For our estimates, we take Rgr to be 3× 10−17 cm3 s−1 (Bourlot et
al. 2012). Assuming that the H2 molecule is de-excited after 3-5 collisions and that Tg = 400 K, we have
an estimate of ∼ 10−11 cm3 s−1 for Cx (Wrathmall et al. 2007). From Eq. (6) we have
nx ' 10−5
(
0.3
xH2
)
,
where xH2 = NH2/NH, tot. The number of H2O and H2 transitions for which the quasi-resonance conditions
are met and which can be involved in the H2O maser pumping is 10
4 – 105. When estimating this
number, we took into account 318 H2 rotational-vibrational levels and the possibility of H2O vibrational
state excitation. A large number of quasi-resonance transitions can lead to a noticeable effect, despite
the relatively small fraction of H2 molecules in highly excited states.
Conclusions
We considered the effect of quasi-resonance energy transfer in collisions between H2 and H2O molecules
on the H2O maser pumping process. We calculated the populations of 45 ortho-H2O rotational levels for
various populations of the para-H2 J = 0 and 2 rotational levels. The H2O level population inversion
in the 22.2-, 380-, 439-, and 621-GHz maser lines was shown to depend significantly on the population
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distribution of the lower H2 rotational levels. For some of the physical parameters, the effect of quasi-
resonance energy transfer between molecules leads to a high H2O level population inversion in lines
of the submillimeter wavelength range; while the H2O level population inversion in the model with a
thermodynamically equilibrium H2 level population distribution is either small or absent. The quasi-
resonance energy transfer effect can play a significant role in pumping H2O masers in the central regions
of AGNs and in star-forming regions.
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